Honeybee propolis and its bioactive component, caffeic acid phenethyl ester (CAPE), are known for a variety of therapeutic potentials. By recruiting a cell-based reporter assay for screening of hypoxia-modulating natural drugs, we identified CAPE as a pro-hypoxia factor. In silico studies were used to probe the capacity of CAPE to interact with potential hypoxia-responsive proteins. CAPE could not dock into hypoxia inducing factor (HIF-1), the master regulator of hypoxia response pathway. On the other hand, it was predicted to bind to factor inhibiting HIF (FIH-1). The active site residue (Asp201) of FIH-1α was involved in hydrogen bond formation with CAPE and its analogue, caffeic acid methyl ester (CAME), especially in the presence of Fe and 2-oxoglutaric acid (OGA). We provide experimental evidence that the low doses of CAPE, that did not cause cytotoxicity or antimigratory effect, activated HIF-1α and inhibited stress-induced protein aggregation, a common cause of age-related pathologies. Furthermore, by structural homology search, we explored and found candidate compounds that possess stronger FIH-1 binding capacity. These compounds could be promising candidates for modulating therapeutic potential of CAPE, and its recruitment in treatment of protein aggregation-based disorders.
Introduction
Hypoxia-inducible transcription factor (HIF) is the key regulator of hypoxia signaling associated deregulation of which has been associated with several pathological conditions. Activated hypoxia signaling has been linked to malignant transformation and tumor aggressiveness; its deactivation has been shown to trigger brain disorders (Choi et al. 2003 (Choi et al. , 2010 Vaupel 2004; Gordan and Simon 2007; Masoud and Li 2015; Mohme et al. 2017; Soni and Padwad 2017) . HIF is a transcription factor that acts as a heterodimer (HIF-1α and HIF-1β); whereas HIF-1α is regulated by oxygen, HIF-1β is constitutively expressed (Liu and Simon 2004) . A Per-ARNT-Sim (PAS) domain is present in both the subunits. It is centrally involved in oxygen homeostasis and activated in a large majority of tumors (Marin-Hernandez et al. 2009; Wang et al. 2013) . Under normoxia conditions, α-subunit undergoes hydroxylation by proline-hydroxylase-2 (HPH-2). The hydroxylated HIF-1α undergoes degradation by proteasome mediated degradation pathway involving tumor suppressor VHL (von Hippel-Lindau protein) (Huang et al. 1998) . Another oxygen-dependent modification (asparaginyl hydroxylation) Priyanshu Bhargava and Anjani Kumari contributed equally to this work.
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catalyzed by dioxygenase called factor inhibiting HIF-1α (FIH-1) occurs in the C-terminal (Asn803) transactivation domain of HIF-1α (Ranasinghe et al. 2015; Soni and Padwad 2017) . Under hypoxia conditions that prevent HIF-1α hydroxylation and degradation, HIF-1α accumulates, translocates to the nucleus, dimerizes with HIF-1β, and transactivates several effector proteins (Lee et al. 2004; Calzada and del Peso 2007) . It is also regulated by CREB binding protein (CBP) and p300 that interact with the carboxy-terminal transactivation domain of HIF-1α and act as its transcriptional co-activators (Berlow et al. 2017) . It has been shown that hydroxylation at Asn803 under normoxic conditions inhibits interactions of HIF-1α to CBP and p300 (Lando et al. 2002) . Since HIF-1 is a key driver of hypoxia signaling, involved in cancer progression in one hand and several brain disorders on the other, the identification of HIF-modulating drugs/factors and molecular mechanism of their action has been warranted for disease therapeutics (Masoud and Li 2015) . Cancer is generally characterized as a disease of cell proliferation and spreading of abnormally growing cells to other parts of the body. It continues to be a killer throughout the world although past decade has seen rapid developments in cancer diagnostics and treatment. The primary reason for treatment failure and high mortality has been attributed to the highly invasive nature of cancer cells resulting in rapid cancer progression and metastasis, the phenotypes that often involve hyperactive hypoxia signaling. In view of the vital role of hypoxia in several diseases, we performed a screening of natural drugs to search for hypoxiamodulating effects using cell-based HIF-1α reporter assay, and identified caffeic acid phenethyl ester (CAPE) as one of the pro-hypoxia factors.
CAPE is a bioactive compound found in many plants (Metzner et al. 1979) . It is a key component of propolis obtained from honeybee hives (Borrelli et al. 2002; MarkiewiczZukowska et al. 2013; Tolba et al. 2013 Tolba et al. , 2016 . The presence of hydroxyl groups in the catechol ring of this polyphenol has been ascribed to be responsible for many of its biological activities, such as anti-cancer, anti-microbial, anti-viral, neuroprotective, and anti-inflammatory properties (Özyurt et al. 2004; Markiewicz-Zukowska et al. 2013; Tolba et al. 2013 Tolba et al. , 2016 Murtaza et al. 2014) . Choi et al. (2010) reported that CAPE is a potent inhibitor of HIF prolyl hydroxylase (HPH-2) raising the question on its relevance to modulate hypoxia signaling in cancer cells. Roos et al. (2011) also reported the stabilization of HIF-1α and subsequent induction of heme oxygenase-1 (HO-1) during CAPE induced growth arrest in PDGF-activated vascular smooth muscle cells. In view of these information and identification of CAPE as a candidate pro-hypoxia factor in our screenings, we explored the docking potential of CAPE with HIF-1α and FIH-1 (inhibits HIF-1α by hydroxylation at Asn803). We found that although CAPE was incapable of interacting with HIF-1α, it docked efficiently into the active site of FIH-1. We provide experimental evidence for the pro-hypoxia activity of CAPE that may be the result of inhibition of FIH-1 regulated modulation of HIF-1α and its impact on stress-induced protein aggregation and cell-migration phenotypes. Furthermore, structural analogues of CAPE with predicted stronger activity were found and warrant further investigations.
Materials and methods

Transfection and reagents
Human osteosarcoma (U2OS) was purchased from JCRB Japan and cultured in DMEM (Life Technologies). Transfection was performed using Lipofectamine 2000 (Invitrogen) in Opti-Mem (Gibco, Life Technologies) media. The pGL4-p53-3′ UTR were gifted from Dr. Chae-Ok Yun (Hanyang University, Seoul, South Korea). GFP-tagged mortalin MOT/GFP was expressed from pEGFP-C1/mot-2. NaAsO 2 (sodium (meta) arsenite) was purchased from Sigma-Aldrich.
Generation of hypoxia-responsive cells
U2OS cells were transfected with the plasmid expressing luciferase driven by promoter containing hypoxia-responsive element (HRE) (Fig. 1a) . Twenty-four hours post-transfections, the media was replaced with DMEM supplemented with hygromycin B (Roche) (700 μg/mL) for 10-15 days. The clones showing 100-to 1000-fold increase in luciferase in fixed and live cell assays were selected (Fig. 1b) . The selected clones were amplified and established into cells stably expressing hypoxia-responsive luciferase reporter.
Cell viability assay
Vital dye, MTT (Molecular Probes, Invitrogen) (0.5 mg/mL), was added to the U2OS cell culture medium for 4 h in a humidified incubator (37°C and 5% CO 2 ). MTT-containing medium was replaced with DMSO (100 μL) to dissolve purple formazan crystals. Absorbance of the blue chromogen was measured at 550 nm using spectrophotometer (TECAN, Switzerland). The standard deviation and statistical significance of the data were obtained from triplicates and three to four independent experiments, respectively.
Screening for hypoxia modulating natural drugs
U2OS-HRE cells were plated in 96-well plates at about 70% confluency. After the cells had attached well to the surface, they were treated with phytochemical library (for 48 h) at subtoxic doses, determined by independent MTT-based cell viability assays as described above. Phytochemical library constituted of 57 compounds, isolated from a variety of natural products. All compounds were tested for 98% purity by HPLC. HIF-1 activity in the treated cells was determined by HRE-dependent luciferase by dual luciferase reporter assay system (Promega, Madison, WI). Luciferase activity was calculated per microgram protein following the manufacturer's protocol, and reported as the relative activity normalized against untreated cells. Three independent experiments were performed for statistical significance.
Western blotting
Cells were cultured in DMEM in 6-well plates and lysed using 1% Nonidet P-40 buffer containing a protease inhibitor cocktail (WAKO). The protein concentrations of whole cell lysate were measured by bicinchonic acid assay (BCA) (Thermo Fisher Scientific, Rockford, IL). The cell lysates (15-20 μg) were separated in 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA). Blocked membranes were probed with target proteinspecific primary antibodies (1-2 μg/mL), including luciferase (luci17), HIF-1α, HSP70 (Santa Cruz Biotechnology Inc., CA, USA), or β-actin (Abcam, Cambridge, UK) used as an internal loading control, for overnight at 4°C. The blots were incubated with the secondary antibodies (antimouse or anti-rabbit IgG; Santa Cruz Biotechnology Inc., CA, USA) (0.5-1 μg/mL) conjugated with horseradish peroxidase for 45 min. After extensive washings with Tris-buffered saline with 0.1% Tween 20 (TBS-T), the membranes were developed by enhanced chemiluminescence reaction (ECL) as per manufacturer's instructions.
Immunofluorescence staining
Cells were cultured and fixed on a glass coverslip placed in a 12-well culture dish (TPP, Switzerland) and fixed with 4% paraformaldehyde in PBS. Fixed cells were permeabilized with 0.1% Triton X-100 for 10 min, blocked with 0.2% Out of the 57 drugs tested, 5 compounds (shown by dark bars) showed strong pro-hypoxia activity and 4 compounds (shown by white bars) showed anti-hypoxia activity BSA/PBS for 1 h, and then incubated with antibodies (2-4 μg/ mL) to proteins including vimentin, MMP2, MMP7, MMP9, and hnRNP-k (Santa Cruz Biotechnology Inc., CA, USA) for overnight at 4°C. Anti-mortalin antibody was raised in our lab. Cells were washed with PBS containing 0.1% Triton-X and probed with fluorophore conjugated goat-anti-mouse secondary antibody (0.5-1 μg/mL) (Molecular Probes, Invitrogen). Counterstaining was performed with Hoechst 33342 (Sigma) for 10 min in dark, then coverslips visualized by Carl Zeiss microscope (Axiovert 200M, ×40 and ×60 magnification, Tokyo, Japan).
Docking of CAPE with HIF-1α and FIH-1 protein
Structure of FIH-1 in complex with HIF-1α fragment peptide (PDB ID 1H2K) was retrieved from Protein Data Bank (Elkins et al. 2003) . Proteins were prepared by addition and optimization of hydrogen atoms, correction of bond orders, structure minimization, and separation of FIH-1 and HIF-1α using Protein Prep Wizard of Schrödinger software (Sastry et al. 2013 ). The possible ligand binding sites were identified using the structural studies published previously (Dann et al. 2002) . Glide version 6.8 package of Schrödinger software was used to generate the grid at the identified ligand binding sites using default parameters (Friesner et al. 2006) .
Structure of CAPE was retrieved from PubChem database (CID 5281787). The three-dimensional structure of CAPE was processed for docking using the LigPrep version 3.5 module of Schrödinger software (Schrödinger release 2017-2, LigPrep, Schrödinger, LLC, New York, NY 2017a). The major preparation steps involved desalting, generation of tautomers, and energy minimization. Various conformations of CAPE molecule were generated during the ligand preparation process to account for ligand flexibility that was later used for docking with protein. After the generation of CAPE conformations and the grid at active site of HIF-1α and FIH-1 proteins, Glide version 6.8 was used to dock CAPE at the identified binding site of proteins. Extra precision (XP) algorithm was used to dock CAPE (Friesner et al. 2006) . FIH-1 requires 2-oxoglutarate (OGA) and Fe(II) for its functional activity; therefore, the effect of these co-factors on the binding potential of CAPE was also studied. Docking pose visualization and image generation was done using the Maestro version 10.3 Interface of the Schrödinger software (Schrödinger release 2017-2, Maestro, Schrödinger, LLC, New York, NY 2017b).
Molecular dynamic simulations
The molecular dynamic (MD) simulations of protein-ligand complex were performed using Desmond Molecular Dynamics Simulation System (Bowers et al. 2006) . All the docked complexes were solvated with SPC water model in a cubic periodic boundary box to generate required systems for MD simulations. The systems were neutralized using appropriate number of counter ions. The systems were further minimized, slowly and gradually heated up to 300-K temperature, and equilibrated until the pressure and energies of systems were stabilized. Finally, equilibrated systems were used to run 50-ns-long MD simulations. All the simulation studies were performed on Supermicro (GPU) with 8-GB DDR RAM and NVIDIA TESLA C2050 Graphics Card.
Analyses of molecular docking and molecular dynamic simulations H-bond profiling and conformational analyses of complexes before and after the simulations were used as criterions to analyze the stability of the protein-ligand complexes. Visual Molecular Dynamics (VMD) version 1.9.2 was used to calculate root-mean-square deviations (RMSD) of the protein backbone in the simulated complex in reference to the docked complex and hydrogen bond dynamics (Humphrey et al. 1996) . Residue numbering of all the discussed proteins in the present manuscript is according to PDB file.
RNA isolation and complementary DNA synthesis
Total RNA was extracted from U2OS and U2OS-HRE cell lines by using TRIzol Reagent (Life Technologies) following supplier's protocol. Quality and quantity were determined by spectrophotometry (NanoDrop, 1000 spectrophotometer). For complementary DNA (cDNA) synthesis, total RNA (1 μg) was reverse-transcribed into cDNA using Quantitect Reverse Transcriptase Kit (QIAGEN) following the manufacturer's protocol. cDNA was stored at − 20°C for PCR.
Quantitative real-time PCR
Gene expression was quantified by quantitative real-time PCR using Syber Select Master mix (Applied Biosystem, Life Technologies), luciferase specific primers (F-5′-GGAC T T G G A C A C C G G TA A G A -3 ′ a n d R -5 ′ -C T T G TCGATGAGAGCGTTTG-3′), HIF-1α specific primers (F-5′-GTTTACTAAAGGACAAGTCACC-3′ and R-5′-TTCT GTTTGTTGAAGGGAG-3′), and EcoTM Real-Time PCR System (Illumina, San Diego, CA). Relative level of expression of target gene was normalized against the internal control 18S by ΔC T method. An amplification plot between fluorescence signals and cycle number was plotted, and the mean values in the triplicated samples of targeted genes and internal control 18S were calculated. The relative quantitative value was expressed as 2 −ΔCT . Statistical significance of the results was calculated from three independent experiments.
Effect of CAPE on cell migration and growth of cancer cells: wound-scratch assays
The in vitro migration capability of U2OS cells in response to CAPE treatment was observed with a wound-scratch assay. The cells were grown in a 6-well plate and wounded by uniformly scratching the cells in a line with a 200-μL pipette tip. Cells were washed several times with PBS to remove cell debris or damaged cells, and re-cultured on either the control or CAPEsupplemented medium, respectively. The time of wound scratching was designated as time 0. Movement of cells into the scratched area was recorded during next 24 h, up to 72-96 h under a phase contrast microscope with a 10× phase objective.
Effect of CAPE in stress-induced protein aggregation
Sodium arsenite-based protein aggregation model was used (Jacobson et al. 2012 ). U2OS cells (4 × 10 3 /well) stably expressing mortalin-GFP (U2OS-mot-GFP) were seeded in 96-well plates for overnight, followed by treatment with sodium arsenite (20 μM) for 24 h. Cells were recovered either in normal culture media or the one supplemented with CAPE for 12-48 h. Cell viability was determined by MTT assay as described above. Statistical significance of results was determined from three to four independent experiments including triplet or quadruplet sets in each experiment. For immunofluorescence, same method was adopted in 12-well plates with coverslips. For heat shock-induced aggregation of luciferase, cells were seeded in 6-well plate and were transfected with pGL4-p53-3′ UTR expressing luciferase from a constitutive promoter. After 24 h, cells were heat shocked at 42°C and 5% CO 2 for 2 h, followed by recovery at 37°C either in the control or CAPE-supplemented medium for the next 48 h. Luciferase expression was determined as described above as well as by immunofluorescence using anti-luciferase antibody. 
Statistical analysis
All the experiments were performed in triplicate. Data are expressed as mean ± SEM of triplicate experiments. Unpaired t test (GraphPad Prism, GraphPad Software, San Diego, CA) has been performed to determine the degree of significance between the control and experimental samples. Statistical significance was defined as p values (* and @), where *< 0.05, **< 0.01, and ***< 0.001 represent significant, very significant, and very very significant, respectively, whereas @ indicates insignificant change.
Results
We investigated hypoxia-modulating potential of 57 purified phytochemicals by HRE-driven luciferase in stably transfected cells (as described in the BMaterials and methods^section and Fig. 1a, b ). Cells were treated with sub-toxic doses, determined by independent experiments (MTT assay and morphological observations), of phytochemicals (data not shown). Through three rounds of screenings, we identified five pro-hypoxia and four antihypoxia compounds (Fig. 1c) . CAPE was identified as one of the pro-hypoxia factors. We investigated dose-dependent effect of CAPE on HRE-luciferase activity in comparison to a standard pro-hypoxia drug, cobalt chloride (CoCl 2 ). As shown in Fig. 2a , HRE promoter-driven luciferase assay showed dose-dependent increase in cells treated with subtoxic doses of CAPE (5-10 μM) and CoCl 2 (50-150 μM, an established pro-hypoxia compound). Consistent with luciferase reporter assays, qPCR for luciferase showed increase in CAPE-and CoCl 2 -treated cells (Fig. 2b) . Detection of luciferase protein by immunofluorescence (Fig. 2c) as well as Western blotting (Fig. 2d ) using anti-luciferase antibody exhibited increase in CAPE as well as CoCl2-treated cells. Consistently, expression of endogenous HIF-1α protein in control, CAPE-, and CoCl 2 -treated cells showed increase in a dose-dependent manner (Fig. 2e) .
Being the key player of hypoxia signaling pathway, we first investigated if CAPE could dock into HIF-1α. The structure of HIF-1α (CTAD domain) was downloaded from Protein Data Bank (PDB ID 1H2L). We mainly focused on this domain because its functionality is regulated by oxygen concentration in the cells. CAPE was docked against the chain S (corresponding to HIF-1α) of the PDB structure. The binding energy obtained using Glide was − 2.904 kcal/ mol. The low docking score suggested that the binding affinity of CAPE was not good enough for a stable binding at the CTAD domain of HIF-1α protein ( Supplementary   Fig. 3 Chemical structures. a Caffeic acid phenethyl ester (CAPE). b Caffeic acid methyl ester (CAME). c Binding of CAPE and FIH-1. Interactions of CAPE (shown in pink) and FIH-1 in the presence of OGA (shown in green). Two hydrogen bonds are formed: one between Asp201 and CAPE molecule and the other between OGA and CAPE molecule. d Interactions of CAPE (shown in pink) and FIH-1 in the absence of OGA. CAPE is involved in hydrogen bond formation with Ser91 and Tyr93. e Binding of CAME and FIH-1. Interactions of CAME (shown in pink) and FIH-1 in the presence of OGA (shown in green). Two hydrogen bonds are formed between Asp201 and CAME molecule. f Interactions of CAME (shown in pink) and FIH-1 in the absence of OGA. Two hydrogen bonds are formed between Arg238 and CAME, and one hydrogen bond is formed between Gln239 and CAME molecule Fig. 1 ). Since HIF-1α could not be established as a candidate target for CAPE, we ensued our investigation to the next level of regulation in hypoxia signaling pathway. FIH-1 is an asparaginyl hydroxylase that inhibits the transactivation function of HIF-1α protein (Semenza et al. 1997; Kaelin Jr 2008) . In normoxia condition, HIF-1α is degraded by von Hippel-Lindau tumor suppressor protein (pVHL), a part of E3 ubiquitin ligase protein complex by ubiquitination and proteasomal degradation or by FIH-1 that inhibits its interaction with co-activator p300/CBP (Kaelin Jr 2008) . The catalytic function of FIH-1 is dependent on Fe(II) and OGA (Lando et al. 2002) . The active site contacts of FIH-1 are precisely coordinated by three critical residues, His 199, Asp 201, and His 279. The side chains of these amino acids are also involved in co-ordination of Fe(II) (Dann et al. 2002) . We next docked CAPE (Fig. 3a) against the active site of FIH-1. The docking score calculated for CAPE using Glide was − 8.744 kcal/mol, reflecting its strong binding affinity towards FIH-1 protein.
Interaction analysis revealed the formation of hydrogen bond of Asp201 and OGA with the CAPE molecule. Fe(II) was also involved in co-ordinate bond formation (Fig. 3c) . Binding of the ligand with Asp201, one of the critical residues of the active site of FIH-1, suggested that CAPE was occupying the active site of the protein. To further explore the role of OGA in CAPE binding to FIH-1, a similar docking study was carried out, but in the absence of OGA. Binding analysis revealed that in the absence of OGA, Asp201 was not involved in interaction with CAPE. The residues involved in hydrogen bond formation with the CAPE molecule were Ser91 and Tyr93. Fe(II) was involved in cation pi stacking with the ligand molecule (Fig. 3d) . The binding energy calculated using Glide in the absence of OGA was − 6.311 kcal/mol. The binding energy was thus found to decrease by − 2.433 kcal/mol ( Table 1 ). The data suggested that the presence of OGA favors binding of ligand at the active site of the protein.
Absence of this co-factor results in a different binding orientation of CAPE molecule suggesting essential role of OGA in CAPE-FIH-1 interactions.
Caffeic acid methyl ester (CAME) is a structural analogue of CAPE formed by replacing the phenethyl moiety with methyl moiety (Fig. 3a, b) (Choi et al. 2010 ). Docking of FIH-CAME complex was also performed in the presence/ absence of OGA. Presence of OGA resulted in binding of the ligand at the active site of the protein as Asp201 was found -CAME complex (yellow) to be involved in hydrogen bond formation with CAME and the calculated docking score was − 6.044 kcal/mol. Fe(II) was involved in coordinate bond formation with CAME only in the presence of OGA (Fig. 3e) . The docking score calculated using Glide was found to decrease to − 4.48 kcal/mol in the absence of OGA. The residues involved in hydrogen bond formation in this case were Arg238 and Gln239 (Fig. 3f) . These results also indicated that the OGA is required for binding of CAME at the active site of the protein as observed in case of CAPE. MD simulations were used to study the stability of FIH-1 protein for its binding with CAPE and CAME in the presence of OGA. MD simulations were performed to check the stability of docked complexes. During the 50-ns-long MD simulations, root-mean square distance (RMSD) values of FIH-1 backbone in FIH-1-CAPE and FIH-1-CAME complex calculated in reference to the coordinates of the respective docked complexes when plotted against the simulation time revealed an almost stable trajectory. RMSD values indicate the change in the orientation of the docked complexes during the simulation run as compared to their initial orientation. The data indicated that the complexed structures were relatively stable during the complete simulation run. The protein backbone was more stable when bound to CAME as compared to CAPE (Fig. 4a) . Analysis of the interacting residues showed that the hydrogen bond formed between FIH-1 and Asp201 in both the complexes was quite stable throughout the simulation run (Fig. 4b) . All the results obtained were therefore in accordance with our hypothesis that CAPE and CAME could be potential inhibitors of FIH-1 functional activity (Table 2) .
Anti-cancer potential of CAPE has been well documented in several studies (Demestre et al. 2009; Roos et al. 2011; Murtaza et al. 2014; Paeng et al. 2015; Wadhwa et al. 2016) . In view of the above findings on pro-hypoxia activity of CAPE, we next investigated the effect of low dose of CAPE on cell survival and migration. Cells treated with low doses (5-10 μM) did not show significant toxicity in 48-h treatment as detected by MTT assay (Fig. 5a ). We also examined the effect of CAPE on cell migration by wound-healing assays and found that low doses of CAPE failed to affect cell Table 2 Properties of CAPE and CAME (Fig. 5b) . The observation thus made was consistent with other results where no change was observed in protein markers of cell migration studied in control and CAPE (low non-toxic dose)-treated cells (Fig. 5c) . We next investigated anti-stress potential of non-toxic doses of CAPE by recruiting metal (sodium arsenite) or high-temperature-induced protein aggregation in cells exogenously transfected with either GFP or luciferase proteins, respectively. The system allowed direct observations of protein aggregation. As shown in Fig. 6a , GFP-labeled cells were treated with sodium arsenite (24 h), followed by recovery (48 h) either in the control or CAPE-supplemented medium. As expected, we found that the cells possessed cytoplasmic fluorescence of mortalin-GFP protein (Fig. 6b) . Of note, whereas sodium arsenate-treated cells recovered in normal medium showed strong aggregation (Fig. 6b) , protein deaggregation was seen in the cells recovered in CAPEsupplemented medium (Fig. 6b) . We next observed timedependent de-aggregation effect of CAPE. As shown in Fig.  6c , cells treated for 24-48 h, but not 12 h, showed de-aggregation. Consistently, we found that the sodium arsenitestressed cells treated with CAPE led to 20-30% increase in viability in 36-48 h (Fig. 6d, e) . Such increase was not observed in cells treated for 12 h and was endorsed by microscopic examination of cells (Fig. 6e) . We also determined the effect of CAPE on sodium arsenite-induced heat shock protein 70 (HSP70). As shown in Fig. 6f , sodium arsenite caused induction of HSP70 that was not altered in CAPE-treated cells. As expected, the latter showed induction of HIF-1α.
Properties
We, next, confirmed protein de-aggregation and antistress effect of CAPE by using heat shock-induced protein misfolding and aggregation of luciferase reporter (Fig. 7a) (Nguyen et al. 1989; Wang and Kurganov 2003) . As shown in Fig. 7b , heat-induced aggregation of luciferase led to decrease in its activity as detected by luciferase assays. Cells recovered in normal medium for 48 h showed increase in luciferase activity that was attributed to reversal of heat-induced misfolding as also reported in another study (Wallace et al. 2015) . Of note, as compared to the cells recovered in control medium, cell recovered in CAPE-supplemented medium caused 2-fold increase in luciferase activity. The results were confirmed by immunostaining of luciferase by specific antibodies (Fig. 7b) . These data demonstrated that the prohypoxic doses of CAPE protected cells against stressinduced aggregation of proteins.
Discussion
By screening of 57 purified phytochemicals for induction of HRE-driven luciferase, we identified CAPE as one of the pro- hypoxia factors. It led to increase in HRE-driven luciferase as well as endogenous HIF-1α protein, suggesting that it may be a reliable pro-hypoxia compound. Bioinformatics and molecular docking analyses revealed that CAPE was capable of docking to FIH-1, an inhibitor of HIF-1α protein, and thereby yield activation of HIF-1α. Screening of compounds with capability to dock to FIH-1 also lead to identification of CAME, as its potential inhibitor with potential pro-hypoxia activity. Fig. 6 Effect of CAPE at low doses on sodium arsenate-induced aggregation in U2OS-mot-GFP and cell survival in U2OS cell lines. a Schematic diagram showing the protein aggregation and recovery assay. b, c Aggregation of GFP in sodium arsenate-treated and recovered (either in control or CAPE-supplemented medium). Time-dependent response of cells to CAPE treatment is shown in c. d, e Viability of cells treated with sodium arsenate followed by recovery either in control or CAPEsupplemented medium and morphological observations (e). f Western blotting of control, sodium arsenite, and CAPE-treated cells for HSP70 and HIF-1α proteins showed induction of HIF-1α, but not of HSP70, with CAPE Accurate protein folding determines their subcellular niche and functional characteristics (Dobson 2003) . Environmental conditions such as adverse temperature, pH, metals, and oxidative stress have been established as the prominent factors leading to protein misfolding and aggregation that are toxic for cells and have been associated with diseases including diabetes, neurodegenerative disorders, and cancer (Goldberg 2003; Tyedmers et al. 2010; Jacobson et al. 2012; Valastyan and Lindquist 2014) . Endoplasmic reticulum (ER) plays an essential role in protein quality control by activating unfolded protein response (UPR) in response to altered conditions of nutrients and oxygen that trigger protein misfolding (Ron and Walter 2007) . Activated UPR regulates expression of several prosurvival proteins (Tomiyama et al. 2017) . Interestingly, lower doses of CAPE as well as mild hypoxia have been shown to activate UPR (Dirnagl et al. 2009; Tomiyama et al. 2017) . Several studies have shown that HIF-1α stabilization provides stress protection in various neurological disease models, e.g., stroke (Siddiq et al. 2005; Nagel et al. 2011 ), Parkinson's disease (Belaidi and Bush 2016) , oxidative stress (Shoshani et al. 2002 ), Alzheimer's disease (Crapper McLachlan et al. 1991; Ritchie et al. 2003; Belaidi and Bush 2016) , and mitochondrial dysfunction (Niatsetskaya et al. 2010) . The beneficial effects of HIF-1α stabilization arise mainly through the activation of HIF-1 target genes that combat oxidative stress, improve glucose metabolism, and block cell death pathways (Zhang et al. 2011) . We performed sodium arsenate as well as heat-induced protein aggregation and found that CAPE caused de-aggregation effect that was correlated to induction of HIF-1α, but not HSP70.
In view of the above findings that the CAPE modulates hypoxia could be valuable for treatment of proteinaggregation-related diseases including age-related pathologies (neurodegeneration, amyloidosis, amyotrophic lateral sclerosis (ALS), and Huntington's, Alzheimer's, and Parkinson's diseases), we further set out to search for structural analogues of CAPE that might enhance the therapeutic window. A virtual library of 104 compounds, similar in structure to CAPE molecule, was prepared by screening the PubChem database. Based on the docking capability as determined by docking score, number, and length of hydrogen bond with Asp201 and logP values of docked analogues, we identified three structural analogues of CAPE as potential FIH-1 inhibitors (Table 3 ). The rule of five was also considered while making the selection of compounds (Lipinski et al. 2001) . Though the preliminary results look promising, the clinical potential of the predicted compounds for their anticipated enhanced hypoxia regulating capability can only be ensured after experimental validation that is currently underway.
We found that the pro-hypoxia function of CAPE at low doses was mediated by inhibition of FIH, resulting in attenuation of HIF-1α degradation and activation of its transcriptional activation function. Indeed, some studies have reported the prevention of hypoxia-ischemic injury (Wei et al. 2004 ) by CAPE and attributed it to transactivation of HIF-1 targeting genes vascular endothelial growth factors (VEGF), heme oxygenase-1 (HO-1) (Daekyu Choi et al. 2010) . Our data demonstrated that CAPE caused increase in HIF-1α at protein level and was supported by computational analysis, suggesting that CAPE inhibits FIH and thereby leads to activation of HIF-1α. Choi et al. (2010) Fig. 7 Effect of CAPE at low doses on heat shock-induced aggregation of luciferase reporter and activity in U2OS. a Schematic diagram showing the protein aggregation and recovery assay. b Luciferase activity and expression in heat-shock treated and recovered either in control or CAPE-supplemented medium is shown suggested that CAPE delayed the degradation of HIF-1α protein by targeting prolyl hydroxylase, the key enzyme of von Hippel-Lindau-dependent degradation. In the present study, we report that CAPE and CAME have the potential to inhibit the activity of FIH-1, and hence delay the asparaginyl hydroxylation of HIF-1α protein, required for its degradation. Consequently, an activation of HIF-1α signaling was predicted. Cell-based assays suggested that the low non-cytotoxic doses of CAPE activated pro-hypoxia signaling and protection against the protein aggregation 
